The heat of formation of CH 2 was calculated using high accuracy ab initio results for its dissociation energy. MRCI calculations were carried out with correlation consistent polarized valence basis sets (cc-pVXZ, X=2-6). Core-valence correlation energies were computed using CCSD(T) with correlation consistent polarized core-valence basis sets (cc-pCVXZ, X=2-5). For the ground state CH 2 (X 3 B 1 ) our best estimate of the heat of formation at 0 K is ∆ f,0 H ¡ £ ¢ 
Introduction
Although methylene is one of the simplest organic molecules, there have been numerous controversies concerning its electronic and molecular structure. The energy separation T 0 between the ground stateX 3 B 1 and the lowest excited statẽ a 1 A 1 , in particular, has been the subject of a large number of experimental and theoretical studies. The issue was finally resolved in 1988 by Jensen and Bunker [1] , who found a satisfactory solution of T 0¨3 7© 65 0© 06 kJmol 1 
is of fundamental importance in combustion chemistry, and a key quantity whose knowledge is important is the enthalpy change associated with (1) . Using standard thermodynamic tables [2] and the experimentally determined singlet-triplet splitting T 0 of Jensen and Bunker [1] one obtains a value of ∆H 2© 8 4© 5 kJmol 1 for the enthalpy change at 0 K. It is therefore inconclusive whether or not the reaction is exothermic. The most uncertain quantity used in obtaining this value is the heat of formation of CH 2 
It is the purpose of this paper to report an attempt to arrive at a more precise estimate of this quantity by means of ab initio electronic structure computations.
The heat of formation of CH 2 has been determined experimentally from photodissociation of ketene and other precursors. The results are summarized in Table  1 . The majority of the data were obtained from photodissociation of ketene [3] [4] [5] [6] . Similar experiments were carried out with methane [6, 8, 9] and CH 3 [7] . The value of Dibeler et al. [9] has to be corrected for rotational energy effects at threshold [8] . Grotheer et al. [10] have derived the enthalpy change at 300K for reaction (1) from rate constants and branching ratios to be ∆H¨8 2 kJmol 1 . This cannot be reconciled with the literature data [2] , and therefore a methylene heat of forma-
7 kJmol 1 was attributed. Using the temperature correction quoted in Ref. [2] , this corresponds to a heat of formation at zero tem-
We note that the spread in these high-quality experimental data is significantly greater than the published error bars of 2 3 kJ mol 1 . In order to obtain a prediction of ∆H for reaction (1) to within, say, 1 kJ mol 1 , a more accurate determination of the heat of formation of CH 2 is required.
Computational Details
In order to calculate the heat of formation of CH 2 , the two paths
were used; the two schemes differ in whether the calculated or experimental values for the dissociation energy of H 2 are used. (2) yields additionally a value for the heat of formation of CH. In either case, the heat of formation of CH 2 (ã 1 A 1 ) can then be obtained using the experimental singlet-triplet splitting T 0 result of Jensen and Bunker [1] .
Valence internally contracted multireference configuration interaction (MRCI) [11] calculations were used to compute the equilibrium energy differences for both the above schemes; the valence shell correlation energy is probably the single most difficult contributor to the heats of formation to compute accurately, and the errors and convergence of our MRCI calculations are discussed in some detail below. The remaining contributions, which were considered separately, are (i) Zero-point energy differences. These were obtained from spectroscopic studies [1, 12, 13] .
(ii) Scalar relativistic effects. Corrections to the ab initio energies were estimated using standard Cowan-Griffin perturbation theory [14] . (iii) Spin-orbit coupling. The effects of spin-orbit coupling on the equilibrium energies of CH 2 and H 2 can safely be assumed to be negligible. For CH(X 2 Π) and C( 3 P), the difference between the experimental ground state and the spinorbit barycentre [2] was added to the ab initio energies. (iv) Non-adiabatic effects. The largest non-adiabatic effects should be seen in H 2 , and these are less than 0© 01 kJ mol 1 in magnitude [13] ; accordingly, nonadiabatic effects were neglected. (v) Core-core and core-valence electron correlation. Size-extensive CCSD(T) [15] computations on C, CH and CH 2 were carried out, with and without excitations from the carbon 1s orbital included, using the cc-pCV5Z correlationconsistent polarized core-valence basis set [16] . The difference in correlation energy was used as an estimate of the core-core and core-valence correlation energy not included in the valence MRCI calculations.
MRCI calculations for the carbon abstraction energies of CH 2 and CH were carried out using the 'supermolecule' approach for the dissociation products, in order to minimize size-consistency errors. In order to reliably assess the degree of convergence in the valence-shell correlation energies, a series of orbital basis sets and a series of reference wavefunctions were used. The orbital basis functions were taken from the standard correlation-consistent polarized valence sets [17] [18] [19] . The reference wavefunctions were a series of complete active space (CAS) [20] expansions denoted n¡ n¡
where n¡
are the numbers of a¡¥ a¡ § ¡ orbitals (C s point group was used) defining the active space. For each orbital basis set, the calculations were carried out at equilibrium geometries obtained from the smallest MRCI calculations ( 83£ for CH 2 and 84£ for CH) using the same basis. Table 2 gives the resulting values for the zero-temperature heats of formation, after correction for additional effects as described above. Table 3 explicitly lists the values which have been used for the various corrections arising from effects not described by the valence CI calculations.
The two routes (2), (3) for computing ∆ f,0 H differ only in whether our ab initio values or exact results are used for the dissociation energy of H 2 ;
we have adopted the results from (3) in the discussion which follows. Our most accurate computed value of 388© 93 kJmol 1 will certainly be an overestimate of the fully converged result, with an error bar of approximately 0© 4 kJmol 1 arising from residual incompleteness of the correlation treatment. The convergence pattern with respect to active reference space and orbital basis set is given in Table 2 . The results are fully converged with respect to the active space defining the reference wavefunction. Convergence with respect to orbital basis set is smooth, and capable of extrapolation to the complete basis set limit. Figure 1 shows the values of ∆ f,0 H obtained with successive basis sets cc-pVDZ ... cc-pV6Z in the correlation consistent sequence [17] [18] [19] together with an exponential extrapolating function [21] fitted to the three most accurate results. The fit is seen to be excellent, and gives confidence in the reliability of the extrapolated complete basis limit, 388© 7 kJmol 1 , with a reasonable estimate of the remaining error being 0© 2 kJmol 1 . The data for the dissociation of the CH molecule cannot be reasonably fitted using the procedure described above. We estimate that our best calculated result, ∆ f,0 H ¨ 5 92© 11 kJmol 1 , lies approximately 1© 0 kJmol 1 above the fully converged complete basis set limit. Finally, we note that for path (2) our best atomization energy, D e¨7 93© 29 kJmol 1 , is 0© 71 kJ mol 1 greater than the theoretical value of [22] .
Other major sources of error are (i) core-valence correlation estimates: our correction of 3© 65 kJmol 1 agrees reasonably with the calculations of Partridge and Bauschlicher [22] (3© 51¥ 3© 62¥ 3© 64 kJmol 1 ), but could still be in error by as much as 0© 2 kJmol 1 due to the remaining basis set incompleteness and errors associated with the CCSD(T) ansatz. (ii) zero-point energies: the errors are estimated [1, 23] to be approximately 0© 06 kJmol 1 ( 1 A 1 ) and 0© 12 kJmol 1 ( 3 B 1 ). (iii) other heats of formation: the value for ∆ f,0 H of atomic carbon which we have used is uncertain to 0© 46 kJmol 1 [2] .
In order to arrive at a total error estimate for ∆ f,0 H , these errors are to be combined in quadrature with the uncertainty ( 0© 2 kJmol 1 ) in the extrapolated valence correlation treatment. Use of the cc-pV6Z results instead implies an additional 0© 2 kJmol 1 systematic error.
Discussion
Based on the above error estimates, our best computed values for the zero-temperature ∆ f,0 H are 388© 9 0© 8 kJ mol 1 ( 3 B 1 ) or 426© 6 0© 8 kJmol 1 ( 1 A 1 ) with bestestimate values of 388© 7 0© 6 kJ mol 1 ( 3 B 1 ) or 426© 4 0© 6 kJmol 1 ( 1 A 1 ) . The latter in turn implies a predicted enthalpy change for reaction (1) of ∆H¨0© 0 1© 6 kJ mol 1 , i.e., the reaction is essentially thermoneutral, in contradiction to the findings of Ref. [10] . The relatively large uncertainty arises from quoted errors in the heats of formation of C, CH 3 , and OH [2] . In principle, this difficulty could be eliminated through application of the methods described in this paper to the reaction CH 3 CH 2 H. However, it might be more difficult to achieve good accuracy in the electronic structure problem using this alternative route. Our result for the heat of formation of CH 2 is in agreement with most of the experimental data, but has been successful in significantly reducing the uncertainty in knowledge of this quantity. The heat of formation of CH cannot be stated with the same accuracy. From the above considerations we obtain ∆ f,0 H ¨
92© 11
1© 5 kJmol 1 . Nevertheless, al-though this has not been the aim of this paper, we have been able to reduce the error quoted in Ref. [2] by a factor of 10. Table 3 Corrections to valence MRCI results used to obtain the heats of formation in Table 2 Fig. 1 . Convergence of the calculated ∆ f,0 H values ( ) to the extrapolated complete basis set limit (---), and fitted exponential function (---) .
